The ABC model for¯oral development was proposed more than 10 years ago and since then many studies have been performed on model species, such as Arabidopsis thaliana, Antirrhinum majus, and many other species in order to con®rm this hypothesis. This led to additional information on¯ower development and to more complex molecular models. AGAMOUS (AG) is the only C type gene in Arabidopsis and it is responsible for stamen and carpel development as well as¯oral determinacy. LLAG1, an AG homologue from lily (Lilium longiorum Thunb.) was isolated by screening a cDNA library derived from developing¯oral buds. The deduced amino acid sequence revealed the MIKC structure and a high homology in the MADS-box among AG and other orthologues. Phylogenetic analysis indicated a close relationship between LLAG1 and AG orthologues from monocot species. Spatial expression data showed LLAG1 transcripts exclusively in stamens and carpels, constituting the C domain of the ABC model. Functional analysis was carried out in Arabidopsis by overexpression of LLAG1 driven by the CaMV35S promoter. Transformed plants showed homeotic changes in the two outer¯oral whorls with some plants presenting the second whorl completely converted into stamens. Altogether, these data strongly indicated the functional homology between LLAG1 and AG.
Introduction
Mechanisms of¯ower development are under the control of a complex genetic system. The formation of organs in the four whorls of a typical eudicotyledonous¯ower, consisting of sepals, petals, stamens, and carpels, requires many genes for proper organ and tissue development (Bla Âzquez, 2000) .
Transcription factors play major roles in the genetic regulation, being responsible for orchestrating the cascade of processes for cellular development, differentiation, and maintenance. Homeotic genes encode transcription factors involved in the speci®cation of organ identity; their loss of function results in the replacement of one type of organ by another.
Several studies with Arabidopsis thaliana and Antirrhinum majus led to the so-called ABC model of ower development (Coen and Meyerowitz, 1991) . This model postulates that three classes of homeotic genes control¯oral organ formation in a combinatorial fashion. The expression of genes from type A alone, A plus B, B plus C, and C alone trigger the formation of sepal, petal, stamen, and carpel, respectively. In addition, A-and Cfunctions are considered antagonists since expression of one type represses the function of the other (Bowman et al., 1991) .
The ABC model of¯ower development has been ®ne-tuned in time. Important extensions in the model were the addition of a D function for ovule development and, more recently, the inclusion of an E function of which transcription is active in the inner three whorls of the¯ower and contributes to protein complex formation in order to trigger organ development (Pelaz et al., , 2001 Honma and Goto, 2001) . New proposals for transcriptional protein interaction, among others thè quartet model' which postulates the multimeric complex formation of MADS box proteins and DNA regions for different organ development in the¯oral whorls, also arose recently due to the aforementioned discoveries on the ABC model, and hence called the ABCDE model (Theissen and Saedler, 2001; Honma and Goto, 2001) .
All the genes involved in the ABCDE model are MADSbox genes, with the exception of the type A AP2 gene. The MADS-box genes constitute a superfamily of transcription factors found in very simple organisms, for example, yeast, as well as in complex species such as plants and animals (Schwarz-Sommer et al., 1990; Shore and Sharrocks, 1995; Ng and Yanofsky, 2001) . In plants, they are involved in many developmental processes, especially in the reproductive organs (Ng and Yanofsky, 2001 ), but also in roots, leaves, and other organs (Alvarez-Buylla et al., 2000; Causier et al., 2002) . Plant type II MADS-box proteins carry a conserved organization called MIKC, which is characterized by the highly conserved motif of 56 amino acids called MADS-box (M), which has a DNAbinding domain. The weakly conserved intervening (I) region is thought to be the determinant factor of selective dimerization. The moderately conserved K-domain, with its keratin-like coiled-coil structure is involved in protein± protein interactions and is exclusively found in plant species. Finally, the variable carboxy(C)-terminal domain may be responsible for transcriptional activation and protein interaction stabilization (Shore and Sharrocks, 1995) .
AGAMOUS (AG) is the only C-functional gene found in Arabidopsis, whilst in other species redundant or complementary AG paralogues have been found, such as PLENA (PLE) and FARINELLI (FAR) in Antirrhinum majus (Davies et al., 1999) , FLORAL BINDING PROTEIN 6 (FBP6) and pMADS3 in Petunia hybrida (Kater et al., 1998) . In Arabidopsis, recessive mutants for AG show petals instead of stamens and a new¯ower in the place of carpels, giving rise to indeterminacy of the¯ower as an additional effect of AG absence. Constitutive overexpression of AG induces homeotic changes in the¯ower: carpels instead of sepals and stamens in the place of petals, presenting the characteristics of apetala2 (ap2) mutants (Yanofsky et al., 1990) . This ap2 loss-of-function-like phenotype induced by overexpression of AG orthologues in Arabidopsis or tobacco is being used as a heterologous system for testing the functional homology of genes from diverse species such as hazelnut (Rigola et al., 2001) , grapevine (Boss et al., 2001) , hyacinth (Li et al., 2002) , and the conifer black spruce (Rutledge et al., 1998) .
Knowledge obtained with MADS-box genes in model species may provide tools for potential applications in important commercial crops. Among them, ornamental species are the most obvious candidates for¯oral morphology manipulations, in order to create novel varieties with high market values. Petunia, which has become another model species for studying MADS-box genes (Angenent et al., 1992 Kater et al., 1998) , Antirrhinum, which has been used as a model species since the start of the ABC model (Coen and Meyerowitz, 1991) , rose (Kitahara and Matsumoto, 2000; Kitahara et al., 2001) , carnation (Baudinette et al., 2000) , gerbera (Yu et al., 1999; Kotilainen et al., 2000) , lisianthus (Tzeng et al., 2002) , primula (Webster and Gilmartin, 2003) , orchids (Lu et al., 1993; Goh, 2000, 2001; Hsu and Yang, 2002) , hyacinth (Li et al., 2002) , and lily (Tzeng and Yang, 2001; Tzeng et al., 2002) are among the ornamental crops in which ABCDE model genes have been under study.
Lily (Lilium longi¯orum Thunb.) is one of the most important ornamental species in the world. Tzeng and Yang (2001) and Tzeng et al. (2002) recently described its ower structure and development. Importantly, organs of the two outermost whorls of lily¯ower are very similar, generating a perianth of tepals, instead of sepals and petals. It has been supposed that this similarity would be due to a modi®cation in the ABC model, leading to an extension of B function towards the ®rst whorl in Liliaceae species (Theissen et al., 2000) .
Lily double¯owers are highly appreciated in the market and this phenotype is thought to involve the C function. The results of these investigations on the molecular characterization of¯ower development in lily are presented here. In order to understand more about¯oral homeotic genes in this species, the MADS-box gene LLAG1 has been isolated and characterized. Sequence analysis, expression patterns, and functional characterization in the heterologous species Arabidopsis thaliana led to the conclusion that LLAG1 is the functional AG orthologue in lily.
Materials and methods

Plant materials
Lily (Lilium longi¯orum Thunb. cv. Snow Queen) plants used in this study were grown in the greenhouse at 18±25°C /14±18°C day/ night with a natural light regime during the growth season, in Wageningen, the Netherlands. Arabidopsis thaliana Columbia (Col) ecotype plants were grown in the greenhouse under a long-day regime (22°C, 14/10 h light/dark) after breaking the dormancy of the seeds 3 d at 4°C.
RNA extraction
Total RNA was extracted from lily¯oral buds (1.0±3.5 cm), leaves, and mature¯oral organs (tepal, stamens, and pistil) according to Zhou et al. (1999) . Arabidopsis total RNA from¯owers was isolated using the RNeasy Plant Mini kit (Qiagen, GmbH, Hilden, Germany).
cDNA library preparation and screening cDNA was synthesized using the ZAP-cDNA Gigapack III Gold Cloning Kit (Stratagene, La Jolla, CA, USA) with 5 mg of a poly(A) + RNA pool from 1.0±3.5 cm lily buds puri®ed through the Poly(A) Quick mRNA isolation column (Stratagene). cDNA fractions containing 1±1.5 kb fragments were unidirectionally inserted between the EcoRI and XhoI sites of the Uni-ZAP XR phage vector.
Approximately 200 000 pfu were screened using a 760 bp fragment of LRAG, a putative AG homologue from Lilium regale (Theissen et al., 2000) , without the MADS-box, labelled with [ 32 P] dATP using the RadPrime DNA Labeling System (Invitrogen, Carlsbad, CA, USA). Hybridization procedures were carried out at night at 56°C on nylon membranes and washes reached the stringency of 0.5Q SSC, 0.1% SDS. Blots were exposed to X-ray ®lms for 24 h and positive clones were collected from plates for in vivo excision procedures.
Sequence analysis cDNA clone sequencing was performed in both directions with T3 (5¢-AAT TAA CCC TCA CTA AAG GG) and T7 (5¢-GCC CTA TAG TGA GTC GTA TTA C) primers using rhodamine dye (Applied Biosystems, Foster City, CA, USA). Sequence analyses were carried out with DNASTAR software package.
Multiple protein sequence alignment was performed using the 185 domain (185 amino acids starting from the MADS-box) (Rigola et al., 1998) . The accession numbers of the protein sequences used in this study are as followed:
and ZMM1 (considered here equivalent to ZAG2, CAA56504). The sequence of the putative AG homologue from Lilium regale (LRAG) (Theissen et al., 2000) was not included in the alignment because the 185 domain sequence data for the entry was not made publicly available.
Expression analysis
RT-PCR analysis was performed using the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen). Five micrograms of total RNA extracted from¯oral organs and leaves were used to synthesize the ®rst-strand cDNA using an oligo-dT primer. For ampli®cation of LLAG1 cDNA, a 2 ml aliquot of the ®rst-strand RT reaction were used in a 50 ml PCR reaction with LLAG1 speci®c primers (5¢-GAT TGC TGA AAA TGA GAG G and 5¢-AAA GTC ACA AAA TAA TAC AGC as forward and reverse primers, respectively). PCR was performed with a 10 min 95°C denaturation step, followed by 35 cycles of 1 min at 95°C, 1 min annealing at 54°C and 1 min extension at 72°C, and a ®nal extension period of 10 min. Twelve microlitres of the RT-PCR reaction were run in an agarose gel and photographed under UV light. As a control, 2 ml of the ®rst-strand RT reaction was used for ampli®cation of the constitutive glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA using degenerated primers (5¢-GTK GAR TCN ACY GGY GTC TTC ACT and 5¢-GTR TGR AGT TGM CAN GAR ACA TC as forward and reverse primers, respectively) conceived from the alignment of GAPDH sequences of several monocot species available in the GenBank. The PCR conditions for GAPDH were as described for LLAG1.
Northern blot of transgenic Arabidopsis was prepared with 5 mg total RNA from¯owers of ®rst generation transformants. Probes were prepared as described for cDNA screening, using LLAG1 without the MADS-box and, as constitutive expression control, a 1.2 kb actin cDNA fragment, obtained by RT-PCR ampli®cation of leaf RNA with speci®c primers (5¢-GCG GTT TTC CCC AGT GTT GTT G and 5¢-TGC CTG GAC CTG CTT CAT CAT ACT as forward and reverse primers, respectively). Hybridization was carried out at 60°C and washes reached 0.5Q SSC, 0.1% SDS at the same hybridization temperature in both cases. After LLAG1 hybridization and development, the membrane was stripped with 0.1Q SSC, 0.1% SDS at boiling temperature for 20 min. The membrane was exposed for 4 h to a Phosphor Imaging Plate (Fuji Photo Film Co., Tokyo, Japan) and developed in a related scanner system. Autoradiographic signals were processed using the TINA 2.10 software (Raytest, Straubenhardt, Germany). et al., 1995) with a multiple cloning site between the CaMV35S promoter and the NOS terminator was used for sense-oriented LLAG1 insertion and overexpression in Arabidopsis. LLAG1 was excised from the pBluescript SK + vector using XbaI and XhoI restriction enzymes and inserted into the binary vector treated with the same enzymes. After con®rmation of the sequence, Agrobacterium tumefaciens strain C58C1 competent cells were prepared and transformed by electroporation according to Mattanovich et al. (1989) .
Binary vector construction and
Arabidopsis thaliana ecotype Columbia (Col) plants were transformed using the¯oral dip method (Clough and Bent, 1998) . T 1 seeds were placed onto agar plates containing 0.5Q MS medium (Murashige and Skoog, 1962) with 50 mg ml ±1 kanamycin as selection agent. In order to break the dormancy, plates were placed at 4°C for 3 d and then at 23°C in a growth chamber with long-day conditions (14/10 h light/dark). T 1 seedlings were transferred to soil and kept in the same temperature and light regime. The selfpollinated T 2 population was sown directly in soil and grown in identical conditions.
Results
Isolation and sequence analysis of LLAG1 cDNA from lily. In order to isolate the AG homologue from Lilium longi¯orum, a cDNA library derived from developinḡ owers was screened, using as probe a fragment of 760 bp without the MADS-box from LRAG, a putative AG homologue from Lilium regale (Theissen et al., 2000) . Five positive clones were selected out of about 200 000 pfu, of which four clones were identical and designated as LLAG1.
LLAG1 cDNA is 1171 bp long with a 5¢ leader region of 73 bp and a 3¢ untranslated region of 366 bp upstream of the poly(A) tail. Deduced protein sequence analysis of LLAG1 revealed a 244 amino acid product.
Amino acid sequence alignment of LLAG1 and AG homologues from monocot and dicot species is displayed in Fig. 1 . A high sequence conservation in the 56 amino acids of the MADS-box is evident, and also, to a lesser extent, in the K-box, revealing the MIKC structure, typical of type II plant MADS box proteins. An N-terminal extension preceding the MADS-box, commonly present in AG homologues, was not found in LLAG1.
Characterization of the lily LLAG1 gene in Arabidopsis 1393
Within the MADS-box, LLAG1 shares 100% (56/56) amino acid similarity with AG from Arabidopsis thaliana, HAG from Hyacinthus orientalis, PeMADS1 from Phalaenopsis equestris, OsMADS3 from Oryza sativa, WAG from Triticum aestivum, pMADS3 from Petunia hybrida, and CaMADS1 from Corylus avellana while there is only one non-conserved amino acid substitution in PLE from Antirrhinum majus, leading to 98% similarity. The C-terminus is the least conserved portion of the AG homologues. LLAG1 shares 81% (58/72) amino acid similarity with HAG1, 92% (67/73) with PeMADS1, 59% (47/80) with OsMADS3, 82% (64/78) with WAG, 93% Fig. 1 . Comparison of deduced amino acid sequences encoded by LLAG1 and related members of the AG subfamily. The alignment was generated by the CGC program and displayed with the GeneDoc program. Identical amino acid residues in relation to LLAG1 are black and conserved residues are in grey. Dots indicate gaps inserted for alignment optimization. The amino acid positions are shown on the right. A thick line is drawn above the MADS-box and a thin line above the K-box. Gene codes are described in the Materials and methods section and for species, see (65/70) with CaMADS1, 89% (62/70) with pMADS3, 84% (59/70) with PLE, and 60% (48/80) with AG. As a whole, the similarities in the predicted primary structure of LLAG1 range from 89% with HAG1 (202/228) to 67% with AG (191/284) among the sequences shown in Fig. 1 .
Phylogenetic analyses indicate that MADS-box subfamilies representing monophyletic clades tend to show similar sequences, expression patterns, and related functions (Purugganan, 1997) . Multiple alignment with LLAG1 and other members of the monophyletic AG clade is presented as a phylogram in Fig. 2 . It shows that LLAG1 is closely related to the monocot AG orthologues, specially HAG1 and PeMADS1, the latter being from an orchid species.
LLAG1 expression pattern
The spatial expression pattern of LLAG1 in¯oral organs of lily was investigated by RT-PCR using gene-speci®c (Thompson et al., 1997 ) using a Phylip distance matrix with 1000 bootstrap trials and the graphic representation was given by TREEVIEW software (Page, 1996) . LLAG1 is indicated in bold text. The species of origin are given after the abbreviated name of the genes. Bar represents 10% amino acid substitution per site along the 185-domain. primers designed to amplify the 3¢ portion, which is its least conserved section, in order to avoid cross-annealing with other MADS-box genes. Ampli®cation of a GAPDH fragment was used as a constitutive control. A fragment of approximately 500 bp corresponding to LLAG1 transcripts could only be detected in stamens and carpels while it was not detectable in tepals or leaves (Fig. 3) .
This expression pattern suggests that this gene is involved in the development of reproductive¯oral organs since it is expressed in stamens and carpels, but remains inactive in the perianth and vegetative tissues. These ®ndings are consistent with the hypothesis that LLAG1 has a similar function as AG in lily¯oral development.
Ectopic expression of LLAG1 in Arabidopsis Functional analysis of LLAG1 cDNA was investigated by ectopic expression in Arabidopsis to understand whether the sequence and expression similarities between LLAG1 and AG also point to a functional relationship. A binary vector carrying 35S::LLAG1 and a kanamycin-resistance gene was introduced into Arabidopsis via Agrobacterium transformation and the phenotypic alterations of the transformed plants were analysed in the T 1 and T 2 generations.
According to the ABC model of¯ower development, transgenic plants overexpressing AG are expected to show homeotic modi®cations in the ®rst and second whorls of the¯ower. This results in the formation of carpelloid organs in the ®rst whorl and petals replaced by organs with a staminoid identity, acquiring characteristics of the ap2 mutant phenotype (Bowman et al., 1991) , due to the negative interaction between A-and C-functions.
Out of 60 independent kanamycin-resistant plants analysed in the T 1 , 26 exhibited phenotypic alterations. Plants showing homeotic changes were divided into strong and weak ap2-like phenotypes. In general, strong ap2-like plants displayed reduced height, small and curled leaves, loss of in¯orescence indeterminacy, bumpy siliques, and they also¯owered earlier than wild-type plants (Fig. 4) , whereas the weak ap2-like group showed normal vegetative growth with less pronounced¯oral homeotic modi®cations.
Flowers derived from plants showing the strong ap2-like phenotype had evident homeotic modi®cations in the ®rst two whorls, with distinct stigmatic papillae at the apex of the modi®ed sepals (data not shown) and, occasionally, complete homeotic changes of petals into stamens. The most important features of the C-function overexpression are the homeotic mutations in the organs of the two outer oral whorls when expressed in these places, and in Fig. 4C , a close-up is shown of an Arabidopsis¯ower with a genuine stamen in the place of a petal. This was certi®ed by its position in the¯ower, i.e. the second whorl which is by de®nition between two sepals in a more internal adjacent whorl. The basis of this stamen between the two sepals and the absence of petals is clear in Fig. 4C . The   Fig. 3 . Expression of LLAG1 in different¯oral and vegetative organs. RT-PCR using primers for the C-terminal part of LLAG1 was used for speci®c ampli®cation. This result indicated that LLAG1 transcripts are present only in stamen (S) and carpels (C) of the¯ower and not in the leaves (L) or tepals (T). Loading and RNA quality control were veri®ed by ampli®cation of the constitutive lily GAPDH. overall weak phenotype of a strong ap2-like individual is demonstrated in Fig. 4F showing small and curled leaves.
Plants with a weak phenotype often presented partly or completely developed petals.
T 2 progeny analysis was carried out with six selfpollinated strong ap2-like T 1 plants. Offspring plants revealed a clear segregation of the wild type and strong ap2-like phenotypes. No weak ap2-like phenotype was found in the T 2 progeny analysed. Northern blots con®rmed the expression of LLAG1 in the¯owers of T 1 transformed Arabidopsis (Fig. 5) .
Discussion
Since lily (Lilium sp.) is one of the major ornamental crops in the world and ABCDE model genes are involved in the morphology of the¯ower, research on those genes can be of great commercial interest. Evolutionary and developmental biology may also take advantage from these studies since not many¯oral homeotic genes from monocot species have been investigated in detail so far.
LLAG1, a Lilium longi¯orum MADS-box gene isolated from a cDNA library from developing¯owers, is specifically expressed in the stamens and carpels, constituting the C domain of the ABCDE model for¯oral development.
The primary structure of the LLAG1 protein was shown to be highly homologous to AGAMOUS from Arabidopsis and other known orthologues. As expected, the phylogenetic dendrogram revealed a close relationship to AG orthologues from monocot species.
Although no speci®c function has been given so far to the N-terminal extension of the MADS-box, since AG with a truncated N-terminus was still shown to be functionally active in vitro (Pollock and Treisman, 1991; Huang et al., 1993) , it was suggested that all functional AG homologues would contain this extension (Kater et al., 1998) . However, it was found that the AG homologues HAG1 from hyacinth (Hyacinthus orientalis), OsMADS3 from rice (Oryza sativa) and CUM10 from cucumber (Cucumis sativus) have their presumed start codon at the MADS-box. In addition, besides showing a putative N-terminal portion before the MADS-box, PeMADS1 from Phalaenopsis equestris and WAG from wheat (Triticum aestivum) contain an ATG codon just in front of their MADS-box, which could be their actual start codon. LLAG1 does not carry an N-terminal domain preceding the MADS-box, indicating that this extension might have been abolished during plant evolution, possibly due to its lack of functionality.
Based on RT-PCR, the spatial expression of LLAG1 in mature¯owers corresponded with the AG expression in Arabidopsis (Yanofsky et al., 1990) , being expressed in the third and fourth whorls of the¯ower in accordance to the ABC model.
Due to the very low transformation ef®ciency of lily, functional studies of LLAG1 were undertaken in the model species Arabidopsis. Constitutive overexpression of LLAG1 led to homeotic changes of¯oral organs. The modi®cations observed were entirely in accordance with reports on AG overexpression in Arabidopsis (Mizukami and Ma, 1992) and the functional AG orthologues from hazelnut (Rigola et al., 2001) , hyacinth (Li et al., 2002) , and spruce (Picea mariana; Rutledge et al., 1998) .
These results provided additional evidence of the capability for in vivo cross-interaction of proteins belonging to the ABC model from different species, even with those distantly related, like Arabidopsis and lily. It can also reiterate the evolutionary importance of AG function in owering plants due to the preservation of in vivo functionality of protein±protein interaction among MADS-box transcription factors from diverse species. Molecular evidence with cross-interactions among several MADSbox proteins from Arabidopsis and Petunia and also between Petunia and rice (Favaro et al., 2002) were provided in recent studies. However, there are indications that MADS-box protein dimerization may occur in a different way in monocot species (Winter et al., 2002) .
There are several sequences from the ABCDE class of genes from bulbous crops, such as the AG orthologue HAG1 from hyacinth (Li et al. 2002) , the B-type genes LMADS1 from L. longi¯orum (Tzeng and Yang, 2001 ) and LRDEF, LRGLOA, and LRGLOB from L. regale (Winter et al., 2002) , and a partial sequence of PeMADS1 from an orchid (Phalaenopsis equestris) available in the public gene database. Recently, LMADS2, a new MADS-box gene from L. longi¯orum was described as a D-functional gene (Tzeng et al., 2002) . However, functional analysis of LMADS2 in Arabidopsis induced the same characteristics found when overexpressing the C type AG or its orthologues instead of promoting ectopic ovule formation as it was observed with other D functional genes, such as FBP11 from petunia (Colombo et al., 1995) . Among the oriental hybrids of Lilium sp. currently in the market, there are double¯ower varieties that resemble the AG loss of function, having tepals instead of stamens and a new¯ower instead of carpels with loss of¯ower determinacy. This variant pattern arises naturally and occurs for many species, being of great interest to¯ower breeders for creating novel characteristics. Nevertheless, the phenomenon is very rare and not completely understood yet. It can be due to mutations in the AG orthologue directly or even caused by abnormal interactions with trans-regulatory elements (Roeder and Yanofsky, 2001; Franks et al., 2002) . Knowledge about the mechanisms involved in this process would allow crops, such as lily, to be modi®ed, in order to create new varieties with the double¯ower phenotype.
